INTRODUCTION

Graphene, a two-dimensional (2D) sp
2 -hybridized carbon sheet, has received considerable interest recently owing to its outstanding properties, [1] [2] [3] [4] especially, high carrier mobility, with great potential applications for graphene-based electronic devices, such as field effect transistors (FETs). But, intrinsic electronic properties of graphene depend sensitively on the substrates due to strong graphene-substrate interactions, such as SiO 2 , [5] [6] [7] SiC, [8] [9] [10] and metal surfaces. [11] [12] [13] Finding an ideal substrate for graphene remains a significant challenge.
Interestingly, many 2D ultrathin hybrid graphenebased nanocomposites have been widely studied experimentally and theoretically, such as graphene/hexagonal born nitride (G/h-BN), [14] [15] [16] graphene/graphitic carbon nitride (G/g-C 3 N 4 ), [17] [18] [19] and graphene/graphitic ZnO (G/g-ZnO). [20] [21] [22] These hybrid graphene-based nanocomposites show much more new properties far beyond their simplex components. Furthermore, most of them are ideal substrates for graphene to preserve its intrinsic electronic properties.
Recently, 2D flexible heterostructures consisting of graphene and monolayer molybdenum disulphide [23] [24] [25] [26] [27] (G/MoS 2 ) have been synthesized experimentally [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] with great applications in excellent electronic, electrochemical, photovoltaic, photoresponsive and memory devices. Monolayer MoS 2 itself is an interesting semiconducting transition metal dichalcogenide, which has been widely studied experimentally and theoretically [23] [24] [25] [26] [27] due to its outstanding structural, electronic and optical properties superior to other 2D materials as graphene substrates. For example, monolayer MoS 2 has a appropriate bandgap (1.90 eV ) [24] to achieve a high current on/off ratio of 10000 in G/MoS 2 based FETs far superior to vertical G/h-BN heterostructures with an insufficient current on/off ratio of 50 due to the large bandgap (5.97 eV ) of h-BN. [30] Most recently, hybrid G/MoS 2 /G sandwiched nanocomposites have also been synthesized experimentally, [38, 39] showing strong light-matter interactions and large quantum tunneling current modulations in flexible graphene-based FETs superior to hybrid G/MoS 2 nanocomposites. Theoretically, only few works [40, 41] have been focused on the structural and electronic of hybrid G/MoS 2 nanocomposites. Therefore, a systematic theoretical work on hybrid graphene and MoS 2 nanocomposites (G/MoS 2 and G/MoS 2 /G) is very desirable with more exciting new properties to be expected, such as electrical and optical properties.
In the present work, we study structural, electronic, electrical and optical properties in hybrid G/MoS 2 and G/MoS 2 /G nanocomposites using first-principles calculations. Graphene interacts overall weakly with via van der Waals interactions with their intrinsic electronic properties preserved. First-principles calculations are based on the density functional theory (DFT) implemented in the VASP package. [42] The generalized gradient approximation of Perdew, Burke, and Ernzerhof (GGA-PBE) [43] with van der Waals (vdW) correction proposed by Grimme (DFT-D2) [44] is chosen due to its good description of long-range vdW interactions. [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] As an benchmark, DFT-D2 calculations give a good bilayer distance of 3.25Å and binding energy of -25 meV per carbon atom for bilayer graphene, fully agreeing with previous experimental [57, 58] and theoretical [59, 60] studies. The energy cutoff is set to be 500 eV . The surface Brillouin zone is sampled with a 5 × 5 regular mesh and 240 k points are used for calculating the tiny band gaps at the Dirac points of silicene. All the geometry structures are fully relaxed until energy and forces are converged to 10 −5 eV and 0.01 eV /Å, respectively. Dipole correction is employed to cancel the errors of electrostatic potential, atomic forces and total energy, caused by periodic boundary condition. [61] The external electric field is introduced in the VASP by the dipole layer method with the dipole placed in the vacuum region of periodic supercell.
To study the optical properties of hybrid graphene and MoS 2 nanocomposites, the frequency-dependent dielectric matrix is calculated. [62] The imaginary part of dielectric matrix is determined by a summation over states as
where, Ω is the volume of the primitive cell, w k is the k point weight, c and v are the conduction and valence band states respectively, ck and µ ck are the eigenvalues and wavefunctions at the k point respectively, and e α are the unit vectors for the three Cartesian directions. In order to accurately calculate the optical properties of hybrid graphene and MoS 2 nanocomposites, a large 21 × 21 regular mesh for the surface Brillouin zone, a large number of empty conduction band states (three times more than the number of valence band) and frequency grid points (4000) are adopted. Note that the optical properties of pristine graphene and MoS 2 monolayers are crosschecked and consistent with previous theoretical calculations. [63, 64] In order to evaluate the stability of hybrid graphene and MoS 2 nanocomposites, the interface binding energy is defined as
where, E(G/M oS 2 ), E(G) and E(M oS 2 ) represent the total energy of hybrid graphene and MoS 2 nanocomposites, pristine graphene and MoS 2 monolayers, respectively.
RESULTS AND DISCUSSION
First, we check the structural and electronic properties of pristine graphene and MoS 2 monolayers, agreeing well with previous theoretical studies. [40, 41] Pristine graphene monolayer is a zero-gap semiconductor, showing a linear Dirac-like dispersion relation E(k) = ± ν F |k| around the Fermi level, where ν F is the Fermi velocity, and ν F (G) = 0.8×10 6 m/s [63] at the Dirac point of graphene, although GGA-PBE calculations underestimate the Fermi velocity of graphene by 15∼20%. [65] Pristine MoS 2 monolayer is a semiconductor with a direct band gap of 1.64 eV , although GGA-PBE calculations [66] slightly underestimate this band gap value (1.90 eV ). [24] We then study the structural and electronic properties of hybrid graphene and MoS 2 nanocomposites as summarized in TABLE I. The equilibrium spacings of 3.37 and 3.36Å are obtained for hybrid G/MoS 2 and G/MoS 2 /G nanocomposites with corresponding binding energy of -20.5 and 27.0 meV per atom, respectively. Thus, graphene is physically adsorbed on monolayer MoS 2 via weak van der Waals (vdW) interactions, and intrinsic electronic properties of graphene and MoS 2 can be preserved in ultrathin hybrid nanocomposites, agreeing well with previous experimental [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] and theoretical [40, 41] studies.
Electronic band structures of hybrid graphene and MoS 2 nanocomposites are shown as FIG 2. We find that linear Dirac-like dispersion relation around the Fermi levels of graphene is still preserved in hybrid G/MoS 2 and G/MoS 2 /G nanocomposites, though tiny band gaps (1 meV ) are opened at the Dirac points of graphene, which are significantly lower than thermal fluctuation (about 25 meV ) at room temperature and trend to vanish in experiments. Note that induced graphene band gaps are typically sensitive to other external conditions, such as interlayer separation, [63] showing that the band gap values increase gradually with the interlayer separation decrease, thus tunable, with a potential for flexible graphene-based FETs. High-performance field-effect tunneling transistors have been achieved experimentally [30, 34, 36, 38, 39] [20] of graphene close to the electronic affinity (4.2 eV ) [34] of monolayer MoS 2 . Interestingly, vertical electric fields can generate strong p-type but weak n-type doping of graphene at both negative and positive electric fields due to the symmetry in hybrid G/MoS 2 /G nanocomposites. Based on the linear dispersion around the Dirac point of graphene, [3] the charge carrier (hole or electron) concentration of doped graphene can be estimated by the following equation [20] 
where E D is the shift of graphene's Dirac point ( [10] Furthermore, the doping charge carrier concentrations of graphene in hybrid nanocomposites are increased with the vertical electric fields. Therefore, the field-effect in hybrid graphene and MoS 2 nanocomposites is effective and tunable for high-performance FETs and p-n junctions. [38, 39] As [67, 68] Besides commonly focused electronic structures in hybrid G/MoS 2 nanocomposites, [40, 41] we also study the optical properties in hybrid G/MoS 2 and G/MoS 2 /G nanocomposites due to their photovoltaic and photoresponsive applications. [35] [36] [37] [38] Note that pristine graphene and MoS 2 monolayers themselves display outstanding optical properties, [4, 25] from the Dirac point of graphene to the conduction band of MoS 2 .
SUMMARY AND CONCLUSIONS
In summary, structural, electronic, electrical and optical properties in hybrid G/MoS 2 and G/MoS 2 /G nanocomposites are studied via first-principles calculations. Graphene interacts overall weakly with via van der Waals interactions with their intrinsic electronic properties preserved. Applying vertical electric fields is very easy to induce tunable p-type doping of graphene in hybrid G/MoS 2 nanocomposites and generate p-type and n-type doping of graphene in hybrid G/MoS 2 /G sandwiched nanocomposites. Moreover, hybrid G/MoS 2 and G/MoS 2 /G nanocomposites display enhanced optical absorption compared to simplex graphene and MoS 2 monolayers. With excellent electronic, electrical and optical properties combined, ultrathin hybrid graphene and MoS 2 nanocomposites are expected to be with great applications in efficient electronic, electrochemical, photovoltaic, photoresponsive and memory devices.
